We suggest and analyze a class of supersymmetric Z ′ models based on the gauge
Introduction
One of the simplest extensions of the Standard Model (SM) is obtained by adding a U (1) factor to the SU(3) C × SU(2) L × U(1) Y gauge structure. Such U(1) factors arise quite naturally when the SM is embedded in a grand unified group such as SO(10), SU (6) , E 6 , etc [1, 2] . While it is possible that such U(1) symmetries are broken spontaneously near the grand unification scale, it is also possible that some of the U(1) factors survive down to the TeV scale. In fact, if there is low energy supersymmetry, it is quite plausible that the U(1) symmetry is broken along with supersymmetry at the TeV scale. The Z ′ χ and Z ′ ψ models arising from SO(10) → SU(5) × U(1) χ and E 6 → SO(10) × U(1) ψ are two popular extensions which have attracted much phenomenological attention [1] [2] [3] [4] [5] [6] [7] [8] . Z ′ associated
with the left-right symmetric extension of the Standard Model does not require a grand unified symmetry. Other types of U(1) symmetries, which do not resemble the ones with a GUT origin, are known to arise in string theory, in the free-fermionic construction as well as in orbifold and D-brane models [9] [10] [11] . Gauge kinetic mixing terms of the type B µν Z ′ µν [12] which will be generated through renormalization group flow below the unification scale can further disguise the couplings of the Z ′ .
The properties of the Z ′ gauge boson -its mass, mixing and couplings to fermions -associated with the U(1) gauge symmetry are in general quite arbitrary [13] . This is especially so when the low energy theory contains new fermions for anomaly cancellation. In this paper we propose and analyze a special class of U(1) models wherein the Z ′ properties get essentially fixed from constraints of SUSY breaking. We have in mind the anomaly mediated supersymmetric (AMSB) framework [14, 15] . In its minimal version, with the Standard Model gauge symmetry, it turns out that the sleptons of AMSB become tachyonic. We suggest the U(1) symmetry, identified as U(1)
where Y is the Standard Model hypercharge, as a solution to the negative slepton mass problem of AMSB. This symmetry is automatically free of anomalies with the inclusion of right-handed neutrinos. It is shown that the D-term of this U(1) x provides positive contributions to the slepton masses, curing the tachyonic problem . The consistency of symmetry breaking and the SUSY spectrum points towards a specific set of parameters in the Z ′ sector. For example, 1 < x < 2 is needed for the positivity of the left-handed and the right-handed slepton masses. Furthermore, the U(1) x gauge coupling, g x , is fixed to be between 0.4-0.5. The resulting Z ′ is found to be "leptophobic" [16] with Br(Z → ℓ + ℓ − ) ≃ (1 − 1.6)% and Br(Z → qq) ≃ 44%.
AMSB models are quite predictive as regards the SUSY spectrum. The masses of the scalar components of the chiral supermultiplets in AMSB scenario are given by [14, 15] (m 2 )
where summations over the gauge couplings g and the Yukawa couplings Y are assumed.
are the one-loop anomalous dimensions, β(Y ) is the beta function for the Yukawa coupling Y , and β(g) is the beta function for the gauge coupling g. M aux is the vacuum expectation value of a "compensator superfield" [14] which sets the scale of SUSY breaking. The gaugino mass M g , the trilinear soft supersymmetry breaking term A Y and the bilinear SUSY breaking term B are given by [14, 15] 
We see that the SUSY masses are completely fixed in the AMSB framework once the spectrum of the theory and M aux are specified.
The negative slepton mass problem arises in AMSB because in Eq. In Ref. [17] the negative slepton mass problem of AMSB has been solved with explicit Fayet-Iliopoulos terms added to the theory. In contrast, in our models, the D-term is calculable, which makes the Z ′ sector more predictive. We find M Z ′ = 2 − 4 TeV and the Z −Z ′ mixing angle ξ ≃ 0.001. Constraints from the electroweak precision observables are satisfied, with the Z ′ model giving a slightly better fit compared to the Standard Model.
Other attempts to solve the negative slepton mass problem of AMSB generally assume
TeV-scale new physics [18] [19] [20] or a universal scalar mass of non-AMSB origin [21] . In
Ref. [20] we have shown how a non-Abelian horizontal symmetry which is asymptotically free solves the problem. Some of the techniques we use here for the symmetry breaking analysis are similar to Ref. [20] . where the last term is the U(1) x D term. The B and the B ′ terms for the model are given
where the γ's are the one-loop anomalous dimensions given in the Appendix, Eqs. (115)-(116), (120)-(121).
We parameterize the VEVs of H u , H d , S + and S − as
In minimizing the potential, we have to keep in mind the fact that the VEVs of S + and S − should be much larger than the VEVs of H u and H d for a consistent picture. In addition, the VEV of S + should be greater than the VEV of S − in order for the D- Minimization of the potential leads to the following conditions:
The CP-odd Higgs bosons {φ 3 , φ 5 } have masses given by
The mass matrix for the CP-even neutral Higgs bosons {φ 1 , φ 2 , φ 4 , φ 6 } is given by
where
where M 
where i = e, µ, τ , and
The SUSY soft masses are calculated from the RGE given in the Appendix [Eqs. )(z 2 − y 2 ) and +2g
. There are also negative contributions proportional to β (g x ), but in our numerical solutions, the positive D-term contributions are larger than the negative contributions. We seek solutions where z = S + and y = S − are much larger than υ u , υ d , of order TeV, with z y.
The left-handed sneutrino masses are given by
Squark masses
The mixing matrix for the squark sector is similar to the slepton sector. The diagonal entries of the up and the down squark mass matrices are given by
Here m U i and m D i are quark masses of different generations, i = 1, 2, 3. The squark soft masses are obtained from the RGE as
(m
Heavy sneutrino masses
The heavy right-handed sneutrinos (ν 
As for the fourth heavy sneutrino, there is mixing between theν c and theν c fields.
This leads to two 2 × 2 mass matrices, one for the scalars, and one for the pseudoscalars.
They are given by 
Numerical Results for the Spectrum
As inputs at M Z we choose the central values (in the MS scheme ) [22] 
We keep the top quark mass fixed at its central value, M t = 174.3 GeV. We follow the procedure outlined in Ref. [20] The value of M aux should be in the range M aux = 40 − 100 TeV if the SUSY particles are to have masses in the range 100 GeV -2 TeV. In Table 2 , corresponding to Model 1, we choose M aux = 56.398 TeV. In Table 7 (for Model 2) we choose M aux = 59.987 TeV. We have included the leading radiative corrections [24] 
, and the positivity of slepton masses. We find that the model parameters are highly constrained. Only small deviations from the choice in Table 2 are found to be consistent.
From Table 2 we see that the lightest Higgs boson of the MSSM sector has mass of 121 GeV. The lightest SUSY particle is the neutralinoχ 0 1 , which is approximately a neutral Wino. This is a candidate for cold dark matter [25] . Note thatχ 0 1 is nearly mass degenerate with the lighter charginoχ [26] , not shown in Table 2 .
In the U (1) The mass of the Z ′ gauge boson and the Z − Z ′ mixing angle are listed in Table 3 (for   Model 1 ). In section 7 we show that these values are compatible with known experimental constraints. Table 4 lists the eigenvectors of the neutralino mass matrix. These will become relevant in discussing the decays of the Z ′ gauge boson. Tables 5 and 6 give the eigenvectors of the chargino and the CP-even Higgs bosons, which will also be used in the study of Z ′ decays. Tables 7-11 are analogous to Tables 2-6 , except that they now apply to Model 2
(with x = 1.6). In this case, tan β = 5.83 and m h = 126 GeV. Here the right-handed sleptons are heavier than the left-handed sleptons. In fact, in this Model, the LSP is the left-handed sneutrino. This can also be a candidate for cold dark matter in the AMSB framework, as the decay of the moduli fields and the gravitino will produceν Li with an abundance of the right order [18, 27] . Table 3 : Z ′ mass and Z − Z ′ mixing angle in Model 1 for the same set of input parameters as in Table 2 . Table 8 : Z ′ mass and Z − Z ′ mixing angle in Model 2 for the same set of input parameters as in Table 7 . 
Decay Modes and Branching Ratios
The Z ′ gauge boson of our model has substantial coupling to the quarks. With its mass in the range 2-4 TeV, it will be produced copiously at the LHC via the process pp → Z ′ .
The reach of LHC is about 5 TeV for a Z ′ with generic quark and lepton couplings [28] .
Our model will then be directly tested at the LHC. Once produced, the Z ′ will decay into various channels. It is important to identify the dominant decay modes of the Z ′ and calculate the corresponding branching ratios. This is what we do in this section. We will see that our Z ′ is almost leptophobic, with Br(Z ′ → e + e − ) = (1 − 1.6)%. Direct limits on such a Z ′ are rather weak, however, the Z − Z ′ mixing which occurs in our models at the level of 0.001 does provide useful constraints.
We now turn to the dominant 2-body decays of Z ′ . In this analysis we can safely ignore the small Z − Z ′ mixing for the most part.
The Lagrangian for Z ′ coupling to the Standard Model fermions can be written as
The Z ′ decay rate into a fermion-antifermion pair is then
Here m ω 1 (m ω 2 ) are the masses of the physical Majorana fermions.
The Z ′ interaction with the sfermions is described by the Lagrangian
The rate for the decay Z ′ to sfermions is given by In the top squark sector, there is non-negligible mixing between the left and the right-handed sfermions. This leads to the following modification of the Lagrangian:
where θf is the left-right sfermion mixing angle. The decay rate is given by
. (71) Theν c andν c splits into two scalar and two pseudoscalar which mix (see Eqs. (48)- (49) 
The Lagrangian for the Z ′ coupling to the scalar-pseudoscalar pair is given by:
This leads to the decay rate
where Q ij is identified with the appropriate coupling toω isωjp term in the Lagrangian of
Eq. (74).
The supersymetric partners of ν 
where mνc is and mνc ip are the masses of the scalar and the pseudoscalar.
The Lagrangian for the Z ′ coupling to the charged Higgs bosons is given by
where m A and m A ′ are the pseudoscalar Higgs boson masses.
We parameterize the interactions between the neutralinos (χ 
Here the coupling g ij is obtained from the eigenvectors of the neutralino mass matrix of 
with g ij = (ĝ) ij . Here O is the orthogonal matrix that diagonalizes the neutralino mass matrix. The Z ′ partial decay rates into neutralinos is found to be
where m i are the neutralino masses. (Here our result disagrees with Eq. (48) of Ref. [3] by a factor of 2.)
The Lagrangian for the couplings of Z ′ to the charginos is given by [3]
The Z ′ decay rate into the chargino pair is then
Here m i is the chargino mass, v ij and a ij are given in terms of the charges Q Hu , Q H d and the matrices U and V which diagonalize the chargino mass matrix Eq. (29), can be explicitly written as [3] 
where δ = sgn(mχ±
).
In Table 12 we present the partial decay rates of Z ′ to two fermions and to two scalars in Model 1. The total width of Z ′ is 106 GeV (this ignores three body decays, which are more suppressed). One sees from Table 7 In Table 13 we list the Z ′ partial decay rates in Model 2. Br(Z ′ → e + e − ) ⋍ 1.60% in this case. Other features are very similar to the case of Model 1 (Table 7) . Z ′ →ēe(μµ,τ τ ) 1.13
.01, 0.01, 0.01, 3.38, 0.01, 0.05, 3.34, 5.65} Table 13 : Decay modes for Z ′ in Model 2 for the parameters used in Table 7 . The total decay width is Γ(Z ′ → all) = 229.93 GeV.
Other Experimental Signatures
In this section we discuss experimental signatures of the model other than Z ′ decays.
Z Decay and Precision Electroweak Data
The Z − Z ′ mixing angle and the direct coupling of Z ′ to the Standard Model fermions leads to modification of Z decays. Precision electroweak data from LEP and SLC can be used to constrain such a Z ′ in the mass range of a few TeV. Typically one finds the Z − Z ′ mixing angle ξ bounded to be less than a few ×10 −3 [4] , which is satisfied in our models.
The mixing of Z with Z ′ shifts the mass of the Z boson from its SM value, while leaving the W mass unaffected. This leads to a positive shift in the ρ parameter:
The partial decay width Γ(Z → ff ) is modified to
with q being the electric charge of the fermion. v f and v a are given in Eqs. (58) and (59).
Partial widths of the Z will deviate from the Standard Model values owing to the shift in the coupling of Z to fermions as well as due to a change in the derived value of sin 2 θ W .
We define
We use sin 2 θ SM W = 0.23113 (the best fit in the Standard Model) for evaluating Γ(Z → ff) SM . We do not perform a global fit to the available data, but we present a specific fit which is at least as good as the Standard Model and perhaps slightly better. We choose to set ∆ ℓ = 0, which yields sin 2 θ W = 0.230717 in Model 1. With this value of sin 2 θ W we find
This leads to the following modifications of decay widths: Here for our numerical fits we used the central values Γ The radiative correction parameter in µ decay, ∆r, is slightly different in our model compared to the Standard Model. In the on-shell scheme we have
We obtain ∆r = 0.03501 (in Model 1) using the Standard Model value of ∆r = 0.0355 ± 0.0019. Clearly, such a shift is consistent with experimental constraints ((∆r) exp = 0.0347 ± 0.0011).
Z ′ Mass Limit
The direct limit on the mass of Z ′ with generic couplings to quarks and leptons is M Z ′ > 600 GeV. There is also a constraint on M Z ′ from the process e + e − → µ + µ − . LEP II has set severe constraints on lepton compositeness [30, 22] from this process. We focus on one such amplitude, involving all left-handed lepton fields. In our model, the effective Lagrangian for this process is Tables 2 and 7 , the above constraint is easily satisfied.
Since the neutral Higgs boson h ′ is lighter than the Standard Model Higgs h, the decay h → h ′ h ′ can proceed for part of the parameter space. The decay rate is given by
where 
Here X is the unitary matrix that diagonalizes the CP-even Higgs mass matrix of Eq. (15).
In principle this can compete with the dominant decay h → bb. However we find that in Model 1 of Table 2 the decay is kinematically suppressed, while in Model 2 of Table 7 due to the small admixture of h in S + , S − , this decay is suppressed: Γ(h → h ′ h ′ ) = 1.48×10
−7
GeV (see Table 11 ). It is worth noting that if the mixings are as large as in Table 6 and if the decay is kinematically allowed, then Γ(h → h ′ h ′ ) ∼ 0.1 MeV is possible. Once produced, the dominant decays of h ′ will be h ′ → bb and h ′ → cc with comparable partial widths, as can be seen from H 0 u and H 0 d components in h ′ (see Table 6 ).
Signatures of SUSY Particles
The supersymmetric particles, once produced in pp (pp) collisions, will decay into the LSP.
The LSP isχ 
Conclusions
We have suggested in this paper a new class of supersymmetric In Tables 2 and 7 we present our spectrum for two models, Model 1 (with x = 1.3)
and Model 2 (with x = 1.6). The lightest SUSY particle is the neutral Wino (Model 1) or the sneutrino (Model 2). The partial decay widths of Z ′ are listed in Tables 12 and   13 . These models are compatible with precision electroweak data, with the Z ′ models giving slightly better fits to the data than the Standard Model. This Z ′ should be within reach of LHC. The correlations between the Z ′ decays and the supersymmetric spectrum
